Introduction {#Sec1}
============

Because of the growing number of sewage treatment plants and the problem of sewage sludge disposal, the most economical way to utilise the growing amounts is its agricultural application (Gambuś and Gorlach [@CR5]; Malinowska et al. [@CR20]). The only factor limiting sewage sludge use in agriculture is the fact that it contains heavy metals and pathogens (Behel et al. [@CR2]; Kalembasa and Malinowska [@CR13]). Thus, the application of organic waste materials to improve soil fertility poses a risk to the environment. Uptake of heavy metals by plants causes their accumulation in the food chain, threatening human and animal health. The following metals are particularly dangerous: lead, zinc, cadmium, and copper. Copper, one of the heavy metals, can cause harmful health effects. Because of that, monitoring of environmental hazards, including, first of all, monitoring of soil, a major element of food chain, is of crucial importance. Speciation analysis makes it possible to determine potential hazards of heavy metals present in sewage sludge and in soil to a given ecosystem (Sauvé et al. [@CR29]; Glyzes et al. [@CR7]; Rao et al. [@CR26]; Yang et al. [@CR36]). Availability of different soil metals to plants can be determined by using the sequential extraction procedure together with physical speciation (McBride et al. [@CR21]; Kalembkiewicz and Sočo [@CR16]; Kelderman and Osman [@CR17]; Yang et al. [@CR36]; Vollmannová et al. [@CR33]).

Sequential extraction is based on using different chemical solutions, called extraction reagents, of increasing ability to extract a whole spectrum of fractions, from metals loosely bound to soil components (soluble and labile forms) to fractions strongly bound to soil and, this way, not immediately harmful to the environment (Singh et al. [@CR30]).

For the needs of environmental protection and food production, it is necessary to determine toxicity of heavy metals present in soil, no matter what their origin is. Such information could be used to set safe limits of the amounts of those substances (Kabata-Pendias and Pendias [@CR12]; Dąbrowska [@CR4]).

The aim of the paper is to evaluate effects of liming and different amounts of sewage sludge on copper speciation in soil.

Materials and methods {#Sec2}
=====================

The incubation experiment, lasting 420 days and reduplicated three times, was carried out in a laboratory room. Pots were filled with 3 kg of soil, with the pH~KCl~ of 4.30. The soil was taken from the humus layer with the granulometric composition of silty light loamy sand (according to Polish Society of Soil Science classification). Before the experiment started, the concentration of those metals was determined and it stood as follows (mg kg^−1^): lead---6.03; cadmium---0.12; chromium---2.09; copper---2.21; zinc---19.95; and nickel---1.56. Those concentrations were below the limits set by the Polish Ministry of the Environment Regulation of [@CR24] for loose soil treated with sewage sludge. Organic carbon concentration in the soil was 31.3 g kg^−1^, while total nitrogen concentration was 1.45 g kg^−1^. The pots were filled after the soil was sieved through a mesh and divided into two parts, one was not limed but the other was limed with CaCO~3~ of hydrolytic acidity of Hh = 1 and was left for 1 month with the moisture ranging from 50 to 60 % of maximum water holding capacity. Every 3 days deionised water was used to replace evaporated water and to keep the soil moisture content stable. This way there were two groups of pots: with non-limed soil and with limed soil. Next, fresh sewage sludge from the mechanical and biological sewage treatment plant in Siedlce was added in different doses of 150, 300, and 450 g, which constituted 5, 10, and 15 % of the dry mass of the soil, respectively. In that treatment plant, the activated sludge process with increased nutrient removal was used to treat wastewater. The sludge was dewatered with the gravity thickener, then it underwent methane fermentation and was, in part, dehydrated mechanically. Next, the contents were thoroughly mixed. Heavy metal concentration in the sludge did not exceed the limits set by the Polish Ministry of the Environment Regulation of [@CR23] (Table [1](#Tab1){ref-type="table"}). The dry matter of the sewage sludge was determined with the oven drying method with the samples dried at 105 °C until a stable weight was reached.Table 1Concentration of chemical elements and pH of the sludgeDM %pHC~org~ g kg^−1^C:NNPKCaMgSNag kg^−1^ dm25.06.83458.6:140.0021.232.7838.568.415.230.854FeMnBMoCoPbCdCrCuZnNimg kg^−1^ dm79845218.964.213.8050.230.17419.8585.01112050.14

Two controls were used in the experiment: one without liming and without sludge and the other with liming (CaCO~3~) and also without sludge. During the experiment, moisture was kept at 50--60 % of maximal water capacity and the temperature was 20--22 °C.

Soil samples were taken six times, every 30 days at the beginning and later every 60 days, i.e., after 30, 60, 90, 120, 360, and 420 days. After 120 days had passed, samples were not taken at all for 180 days but the air temperature and soil moisture stayed the same. In all the samples, total copper concentration was measured after dry mineralization at the temperature of 450 °C with the ICP-AES method, while pH was determined with the potentiometric method in 1 mol dm^−3^ KCl. Total nitrogen was determine with the Kjeldahl method, while copper fractions with the seven-step Zeien and Brümmer ([@CR37]) method (Table [2](#Tab2){ref-type="table"}).Table 2Sequential extraction of heavy metals with the Zeien and Brümmer methodFractionNameExtraction reagentExtraction timepHF1easily soluble1 mol NH~4~NO~3~ dm^−3^24 hnaturalF2exchangeable1 mol CH~3~COONH~4~ dm^−3^24 h6.0F3bound to MnO~x~1 mol NH~2~OH HCl dm^−3^ + 1 mol CH~3~COONH~4~ dm^−3^0.5 h6.0F4F~org~ bound to organic matter0.025 mol C~10~H~22~N~4~O~8~. dm^−3^1.5 h4.6F5bound to amorphous FeO~x~0.2 mol (NH~4~)~2~C~2~O~4~ dm^−3^ + 0.2 mol H~2~C~2~O~4~ dm^−3^4 h3.25F6bound to crystalline FeO~x~0.2 mol (NH~4~)~2~C~2~O~4~ dm^−3^ + 0.2 mol H~2~C~2~O~4~ dm^−3^ + 0.1 mol C~6~H~8~O~6~ dm^−3^0.5 h3.25F7F~resid~ residualCalculated as the difference between the total content of a particular heavy metal and the sum of the above determined fractions----Soil proportion/solution 1 g:10 cm^3^

Achieved results were statistically processed; differences between mean values were estimated applying variance analysis (The Statistica programme, Version 10.0 StatSoft, was applied). Tukey's test was used to compare means. The straight correlation coefficients between nitrogen, pH, and total copper content and copper fractions in the soil were calculated.

Results and discussion {#Sec3}
======================

In the incubation experiment, the addition of sewage sludge to the soil caused a significant increase of the total nitrogen content. The increase was similar both in limed and non-limed soil (Table [3](#Tab3){ref-type="table"}). The nitrogen content in the soil increased together with higher doses of sewage sludge. Thus, under the influence of the largest doses of sewage sludge, there was a threefold increase in the nitrogen content in the soil in comparison to the control. Many authors hold that there is a significant impact of sludge on the rebuilding of total nitrogen and organic matter (Speir et al. [@CR31]; Malinowska and Kalembasa [@CR19]).Table 3Total concentration of nitrogen (mg kg^−1^) in soil in the incubation experimentDays05 %10 %15 %Mean05 %10 %15 %Meanwithout limingliming300.9581.752.052.891.910.9501.852.483.012.07600.9672.082.183.042.070.9812.052.703.182.23901.021.962.253.152.091.002.142.843.202.301200.9851.902.382.902.030.9632.092.653.112.203600.9661.902.093.152.030.9402.132.903.052.264200.9452.252.203.262.160.9712.412.783.172.33mean0.9741.972.193.072.050.9672.112.733.122.23LSD~0.\ 05~ for:A = 0.116B = 0.062C = 0.159A/B = 0.165B/A = 0.125A/C = n.s.C/A = n.s.B/C = n.s.C/B = n.s. n.s.- not significant difference; 0-control object, 5%, 10%, 15%  of sewage sludge to dry mass of soil; A-sewage sludge dose; B-liming; C-days; A/B, B/A, A/C, C/A, B/C, C/B interaction.

The experiment showed a significant differentiation of total copper content in the soil under the influence of the addition of sewage sludge and liming (Table [4](#Tab4){ref-type="table"}). Throughout the experiment in the soil with the highest doses of sewage sludge (15 %), the content of this metal was more than twofold higher than in the control. Copper concentration ranged between 1.39 and 6.90 mg kg^−1^, with the average not exceeding 6 mg kg^−1^ of the soil DM.Table 4Total concentration of copper (mg kg^−1^) in soil in the incubation experimentDays05 %10 %15 %Mean05 %10 %15 %Meanwithout limingliming301.503.283.995.293.521.393.193.594.693.22602.093.353.945.853.812.013.634.245.963.96902.253.816.715.533.582.215.574.345.234.341202.483.945.286.904.652.524.415.485.804.553601.654.414.796.014.221.593.914.935.163.904201.733.344.265.143.621.663.154.095.743.66mean1.953.694.835.794.071.903.984.475.433.95LSD~0.05~ for:A = 0.183B = 0.098C = 0.249A/B = 0.259B/A = 0.197A/C = 0.259C/A = 0.288B/C = 0.241C/B = 0.353

*n.s.* not significant difference; 0---control object, 5, 10, and 15 % of sewage sludge to dry mass of soil; A---sewage sludge dose; B---liming; C---days; A/B, B/A, A/C, C/A, B/C, C/B interaction

According to Kalembasa et al. ([@CR15]), the total concentration of copper in upper layers of different soils of East-Central Poland ranges from 1.59 to 4.99 mg kg^−1^. However, the content of this metal in soils of Southern Poland is twofold higher (Terelak et al. [@CR32]). Excessive concentration of copper, reaching several hundred mg kg^−1^, may occur in soil contaminated by copper mining and its metallurgy or in areas where copper alloys are produced (Roszyk and Szerszeń [@CR28]). Throughout the experiment, copper concentration in all variants did not differ from normal levels (Kabata-Pendias and Pendias [@CR12]) not exceeding the permissible amounts in agricultural soil set by the Polish Ministry of the Environment Regulation of 2002 (Polish Regulations [@CR24]).

Total concentration of copper in the sewage sludge (Table [1](#Tab1){ref-type="table"}) was similar to that provided by other publications (Gondek [@CR9]). Copper speciation in municipal sewage sludge (Fig. [1](#Fig1){ref-type="fig"}), determined with the Zeien and Brümmer method, (Zeien and Brümmer [@CR37]) showed that the highest amount of this metal was in the residual fraction F7 (35.16 %) and in the organic fraction F4 (29.36 %). Domination of these fractions in sewage sludge, measured in accordance with the four-step BCR method, was confirmed by Rosik-Dulewska ([@CR27]), Wang et al. ([@CR34]), Chen et al. ([@CR3]), and Gawdzik and Latosińska ([@CR6]). Working on sewage sludge Patorczyk-Pytlik and Gediga ([@CR22]) also used the BCR method and found a much higher concentration of copper in the residual fraction. In the present experiment, bioavailability of copper in the sludge was low, with F1 and F2 fractions constituting only 4.99 %. Other publications, like Álvarez et al. ([@CR1]), Wang et al. ([@CR35]), and Latosińska and Gawdzik ([@CR18]), confirm that in sewage sludge the content of copper available to plants is low. Taking the findings into account, it can be concluded that non-mobile forms prevailed in the sludge used in the experiment. Copper bound to manganese oxides (F3) constituted 2.98 %, bound to amorphous iron oxides (F5) 15.36 %, while copper bound to crystalline iron oxides (F6) constituted 11.58 % of the total content.Fig. 1Percentage share of copper fractions in total content in sewage sludge. F1---easily soluble, F2---exchangeable, F3---bound to MnO~x~, F4---bound to organic matter, F5---bound to amorphous FeO~x~, F6---bound to crystalline FeO~x~, F7---residual

Sequential analysis of copper in the soil showed a wide variation of compounds in which the metal is present, with the content of these compounds depending on the doses of sewage sludge and liming (Tables [5](#Tab5){ref-type="table"} and [6](#Tab6){ref-type="table"}). Speir et al. ([@CR31]) and Hlavay et al. ([@CR10]) confirm that both sewage sludge and compost made with sewage sludge cause a change in the mobility of copper in soil. Throughout the present experiment, the highest percentage of mobile forms of copper was noted in the soil where the highest doses of sewage sludge were applied. The amount of mobile forms was higher in the non-limed soil than in limed soil, being also higher for bigger doses of sludge. The sum of the easily soluble (F1) and exchangeable fractions (F2) in the soil with the highest doses of sewage sludge was two to three times higher than in the soil from control pots. According to Gondek ([@CR8]), copper in soil fertilised with sludge is more available than in soil fertilised with manure. In the present experiment, the lowest share of the total amount of copper constituted the fraction bound to manganese oxides (F3). The contribution of this fraction to total amount did not exceed 0.35 % and was a little higher in non-limed soil than in limed soil where CaCO~3~ was applied. Compared to the control, sewage sludge application did not cause any significant changes in the content of copper bound to manganese oxides. The largest share of the total amount of copper in the soil represented copper bound to organic matter (F4), mainly at the beginning of the experiment. Copper in this fraction constituted, on average, over 30 % of the total amount and decreased throughout the experiment. In the limed soil sampled after the first 30 days of the experiment, the share of copper bound to organic matter was 43.01 % of the total amount, while in the soil sampled after 120 days it was 30.66 %, while in the non-limed soil it stood at 39.08 and 25.84 %, respectively. After 360 days of the experiment, the share of copper bound to organic matter was over 30 % of the total. The particular affinity of copper for binding to organic matter was also studied and discussed by Ramos et al. ([@CR25]) and Kalembasa and Pakuła ([@CR14]).Table 5Percentage share of copper fractions in total content in soil in the incubation experimentFertilisation objectF~1~F~2~F~3~F~4~F~5~F~6~F~7~pH30 days without liming  Control object2.001.330.20034.6619.1516.3726.324.30  5 %3.351.830.18336.5914.1120.5823.354.55  10 %1.703.830.32644.6112.3315.3122.015.05  15 %5.524.520.34040.4513.2713.5922.295.17mean3.142.880.26239.0814.7216.4623.49 liming  Control object2.880.2160.28836.7610.9417.5531.466.30  5 %5.080.7210.15743.5916.6811.2822.496.32  10 %2.284.040.25145.4013.7012.7321.676.35  15 %4.503.220.26546.2710.9213.3721.496.48mean3.692.050.24043.0113.0613.7324.2860 days without liming  Control object1.481.960.14426.5134.559.3126.104.38  5 %2.701.730.14937.4038.016.9013.134.80  10 %1.402.840.15246.4514.0112.4922.665.02  15 %3.212.530.13748.3811.9710.4323.355.00mean2.202.270.14639.6924.649.7821.35 liming  Control object1.690.7460.09925.6230.8012.1429.006.25  5 %0.1780.8820.11036.3624.4412.6825.366.30  10 %1.842.870.18937.2620.4211.2226.216.25  15 %3.312.100.10145.6918.398.2822.136.50mean1.751.650.12536.2323.5111.0825.6890 days without liming  Control object1.471.020.31128.8826.7213.3328.314.26  5 %0.6561.260.21026.8137.178.9523.955.15  10 %1.150.7600.20929.3634.267.5026.835.10  15 %3.381.790.66938.5238.349.268.045.12mean1.661.210.35030.8934.129.7522.03 liming  Control object0.1810.4070.22627.0026.0813.0833.106.25  5 %0.3770.3230.07231.7724.788.6434.116.34  10 %1.230.7370.20736.8738.9110.9710.156.40  15 %3.171.110.20132.8944.369.458.816.45mean1.240.6440.17732.3833.5310.5221.54120 days without liming  Control object0.2010.3230.36324.8223.7911.7741.134.30  5 %1.651.570.38124.4443.6511.2417.065.17  10 %1.701.590.30323.1136.1711.0626.145.20  15 %3.041.750.40632.3241.599.3011.595.21mean1.651.310.36325.8436.3010.8423.73 liming  Control object1.090.2380.31722.2223.4111.5141.276.31  5 %1.340.6350.43133.5636.738.5518.826.40  10 %1.311.290.23730.3836.016.7524.456.45  15 %2.741.590.29336.3838.798.8311.386.37mean1.620.9380.32030.6633.748.9123.86F~1~---easily soluble, F~2~---exchangeable, F~3~---bound to MnO~x~, F~4~---bound to organic matter, F~5~---bound to amorphous FeO~x~, F~6~---bound to crystalline FeO~x~, F~7~---residual; 5 , 10, and 15 % of sewage sludge to dry mass of soil Table 6Percentage share of copper fractions in total content in soil in the incubation experimentFertilisation objectsF~1~F~2~F~3~F~4~F~5~F~6~F~7~pH360 days without liming  Control object0.4240.1210.48531.5239.3917.1510.904.40  5 %1.221.630.18139.2343.3110.523.914.80  10 %3.741.860.41833.8245.0911.483.595.15  15 %3.932.080.31640.2739.4311.432.555.05mean2.331.420.35036.2141.8112.245.24 liming  Control object0.2520.3770.18933.0840.0017.928.186.10  5 %0.5121.510.12834.2747.5711.134.886.25  10 %1.261.240.36540.5742.1910.104.296.28  15 %3.041.710.27138.3743.609.173.846.35mean1.271.210.23836.5743.3412.085.30420 days without liming  Control object0.1730.1160.05630.2036.1523.0510.274.35  5 %0.4791.260.24025.1647.9021.583.404.90  10 %0.8921.900.30534.0746.3012.603.955.20  15 %1.772.020.48634.4645.3513.042.885.08mean0.8291.320.27230.9743.9317.575.13 liming  Control object0.1810.0600.18132.0537.3517.5312.656.00  5 %0.1270.7940.12738.0941.2711.817.716.30  10 %0.6111.540.19631.0550.1211.175.316.18  15 %1.271.600.33133.9747.2111.524.096.28mean0.5470.9990.20933.7944.0113.017.44F~1~---easily soluble, F~2~---exchangeable, F~3~---bound to MnO~x~, F~4~---bound to organic matter, F~5~---bound to amorphous FeO~x~, F~6~---bound to crystalline FeO~x~, F~7~---residual; 5, 10, and 15 % of sewage sludge to dry mass of soil

Mineralization of organic matter in the sewage sludge caused lowering of residual copper (F7) content and the release of copper into the soil. Throughout the experiment, amounts of this copper noted in the control were much higher than in soil fertilised with sludge. At the beginning of the experiment, the share of residual copper in soil with sludge was, on average, over 20 %, while at the end of the experiment, the same share stood at 5 %. There was a bigger share of the residual fraction in limed soil than in non-limed soil. Kalembasa et al. ([@CR15]) found that highly stable organic-inorganic and inorganic forms of copper were dominant. There were high amounts of forms of copper bound to iron oxides, in particular to amorphous oxides (F5).

The share of copper bound to amorphous oxides grew with mineralization of organic matter in the sludge. In the soil sampled after 90 days, it was over 30 % of the total amount of copper, while after 360 days of the experiment it was over 40 %. In turn, the share of copper in the fraction bound to crystalline iron oxides (F6) was much lower, and it was stable throughout the experiment. It was found that after sewage sludge application copper concentration in the residual fraction decreased, while it increased in the organic fraction. The findings confirm that organic matter affects the process of heavy metals adsorption (Jain and Ram [@CR11]).

Correlation coefficient was calculated to determine the correlation between total nitrogen content, copper content, and pH of the soil on the one hand and the content of copper fractions on the other (Table [7](#Tab7){ref-type="table"}). The statistical analysis indicated that in both limed and non-limed soil there was a significant positive correlation between total nitrogen content and its content in the easily soluble, exchangeable, and organic fractions. There was a similar correlation in the case of total copper content. There was a significant negative correlation between nitrogen content and the most stable fractions of copper, but also between copper content and the most stable fractions of this metal.Table 7Simple correlation coefficients between nitrogen, pH and total copper content, and copper fractions in the soilNCupH−Ca+Ca−Ca+Ca−Ca+CaF10.592^\*^0.3500.521^\*^0.3590.3860.567^\*^F20.545^\*^0.609^\*^0.409^\*^0.474^\*^0.514^\*^0.375F30.3540.1330.2870.1700.3020.145F40.430^\*^0.536^\*^0.3010.408^\*^0.2240.385F50.1090.2600.1250.2860.236−0.281F6−0.358−0.660^\*^−0525^\*^−0.717^\*^−0.433^\*^−0.676^\*^F7−0.427−0.513^\*^−0.255−0.448^\*^−0.3710.166*p* ≤ 0.05, −Ca---without liming, +Ca---liming, ﻿\* - significant difference

According to Kalembasa and Malinowska ([@CR13]) liming and the kind and content of organic matter affect heavy metal forms in the soil and high values of simple correlation coefficients confirm it.

In the non-limed soil, there was a significant positive correlation between pH and the exchangeable fraction of copper (F2), while in the limed soil such correlation was between pH and the easily soluble fraction (F1). There was also a significant negative correlation between pH and copper bound to crystalline FeO~x~ (F6), no matter what the pH value was.

Conclusions {#Sec4}
===========

In the course of the incubation experiment, sewage sludge doses and liming considerably diversified total content of copper and nitrogen in the soil. Compared to the control, the content of copper in the soil where the highest dose was applied increased more than twofold, while nitrogen content increased threefold.

Using the seven-step sequential procedure to determine copper content in the sludge, it was found that the highest amount of copper was in the residual (F7) and in the organic fraction (F4), which means that bioavailability of this metal was low.

There was a large diversity of copper forms in soil depending on liming and the dose of sewage sludge. Together with the mineralisation of organic matter in the sludge the percentage of copper in the residual fraction (F7) decreased, on average, from 20 to 5 % of the total, while the amount of copper bound to amorphous iron oxides (F5) increased twofold.

As a result of sewage sludge application, there was an increase in the amount of mobile forms of copper. The sum of the easily soluble (F1) and interchangeable (F2) fractions was from twofold to threefold higher in the soil treated with sewage sludge than in the control, but it did not exceed 10 %, making the content of bioavailable copper low. Liming soil with diversified doses of sewage sludge limited copper mobility.
